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Abstract
Background: Genome-wide scans of hundreds of thousands of single-nucleotide polymorphisms (SNPs) have resulted in the
identification of new susceptibility variants to common diseases and are providing new insights into the genetic structure
and relationships of human populations. Moreover, genome-wide data can be used to search for signals of recent positive
selection, thereby providing new insights into the genetic adaptations that occurred as modern humans spread out of
Africa and around the world.
Methodology: We genotyped approximately 500,000 SNPs in 255 individuals (5 individuals from each of 51 worldwide
populations) from the Human Genome Diversity Panel (HGDP-CEPH). When merged with non-overlapping SNPs typed
previously in 250 of these same individuals, the resulting data consist of over 950,000 SNPs. We then analyzed the genetic
relationships and ancestry of individuals without assigning them to populations, and we also identified candidate regions of
recent positive selection at both the population and regional (continental) level.
Conclusions: Our analyses both confirm and extend previous studies; in particular, we highlight the impact of various
dispersals, and the role of substructure in Africa, on human genetic diversity. We also identified several novel candidate
regions for recent positive selection, and a gene ontology (GO) analysis identified several GO groups that were significantly
enriched for such candidate genes, including immunity and defense related genes, sensory perception genes, membrane
proteins, signal receptors, lipid binding/metabolism genes, and genes involved in the nervous system. Among the novel
candidate genes identified are two genes involved in the thyroid hormone pathway that show signals of selection in African
Pygmies that may be related to their short stature.
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Introduction
The introduction of rapid, efficient, and relatively inexpensive
platforms for simultaneous genotyping of hundreds of thousands of
single-nucleotide polymorphisms (SNPs) has revolutionized disease-
association studies, as genome-wide scans have identified many SNPs
associated with complex diseases [1,2]. One outcome of these efforts,
the HapMap project [3,4], has lead to new insights into the demo-
graphic history [5] of the three major HapMap populations (Yoruba,
European, and Chinese/Japanese), as well as the identification of
potential signals of recent positive selection [6–10]. More recently,
genome-wide scans have been applied to worldwide [11–14], regional
[15–17] and local [18,19] populations, resulting in new insights into
the genetic structure and relationships of human populations.
An important resource that has substantially advanced studies of
worldwide genetic variation is the CEPH Human Genetic Diversity
Panel (HGDP-CEPH), a collection of some 1064 cell lines from 52
worldwide populations [20], from which DNA is made available. In
order to provide useful background information for ongoing studies
of genome-wide variation in particular population samples in our
laboratory, we decided to genotype a subset of 255 individuals from
the HGDP-CEPH, consisting of 5 individuals from each of the 51
populations, for approximately 500,000 SNPs with the Affymetrix
GeneChip Human Mapping500 K Array Set.Duringthe course of
this work, genotypes became available for 938 individuals from the
HGDP-CEPH, analysed for approximately 650,000 SNPs with
Illumina HumanHap 650 K Beadchips [13]. The overlap between
the Illumina 650 K and Affymetrix 500 K chips is 96,849 SNPs,
PLoS ONE | www.plosone.org 1 November 2009 | Volume 4 | Issue 11 | e7888and the availability of the Illumina 650 K genotypes thus enhances
our study in two ways. First, the overlapping SNPs were used to
improve the final genotype calls for the Affymetrix platform.
Second,whennon-overlappingSNPsbetweenthe twoplatformsare
merged, the resulting dataset consists of over 950,000 SNPs
genotyped in 250 individuals, making this the most comprehensive
genome-wide scan of worldwide populations to date.
Although most analyses of the Affymetrix and Illumina gave
concordant results when analysed separately, thereby justifying
merging the datasets, we did identify some important differences.
Our analyses of the genetic structure and relationships of worldwide
populations both confirm and extend the results of previous such
analyses of the HGDP-CEPH [12,13,21]. In addition, we modified
a previous method for identifying signals of recent positive selection
in genome-wide data [9], and used this method to identify many
novelsignalsatboththeindividualpopulationandregionallevel.Of
particular interest are two genes in the thyroid hormone pathway
that exhibit strong signals of local selection in Mbuti and Biaka
Pygmies that may be related to the short stature of these groups.
Results
Worldwide Genetic Variation and Structure
We genotyped 255 unrelated individuals (five individuals from
each of 51 populations; Table S1) from the HGDP-CEPH [20] for
more than 500,000 SNPs with the Affymetrix GeneChip Human
Mapping 500 K Array Set. During the course of this work,
genotypes for about 650,000 SNPs, obtained with the Illumina
Human Hap650 K Beadchips, became available for 938 unrelated
HGDP-CEPH individuals [13]. A total of 250 individuals were
genotyped with both platforms, and all subsequent analyses were
based on 954,063 non-overlapping, merged, and filtered SNPs
genotyped in these 250 individuals.
The observed heterozygosity for each individual was signifi-
cantly higher (Mann-Whitney test, p,0.0001) for the Illumina
SNPs than for the Affymetrix SNPs (Fig. 1A). In principle, this
could be either because of a difference between the two platforms
in how genotypes are called, or a difference in how the SNPs were
ascertained. Observed heterozygosities for the 82,798 filtered
SNPs in common between the two platforms are only slightly
higher for the Illumina genotypes than for the Affymetrix
genotypes (Fig. 1B), indicating that differences in genotype calling
cannot account for the discrepancy in observed heterozygosity.
Apparently, Illumina SNPs were ascertained to have a higher
heterozygosity than Affymetrix SNPs.
Individual heterozygosities also change drastically when SNPs
in high LD are pruned (Figs. 1C, 1D). Heterozygosity values for
the sub-Saharan African, Mozabite, and Palestinian groups are
increased for the pruned data (even for small, isolated populations
such as San and Mbuti Pygmy), and those for some Pakistan
groups with high heterozygosity values for the complete data are
decreased for the pruned data. This is similar to the effect
previously observed when haplotype heterozygosity values, rather
than individual SNP heterozygosity values, are calculated for the
HGDP-CEPH groups [12], which is not unexpected since both
the pruning and the analysis of haplotypes instead of individual
SNPs are intended to minimize the effect of LD. This analysis thus
substantiates the well-known result that sub-Saharan African
populations have the highest genetic diversity values in the world
[22].
We next analyzed the genetic relationships and ancestry of
individuals without assigning them to populations. First, principal
component analysis (PCA) was carried out separately for the
Illumina and Affymetrix SNPs, to see if the difference in observed
heterozygosities between the platforms influenced the PCA results.
The plots of PC1 vs. PC2 are virtually identical (Figs. S1A, S1B),
although some differences in the order of particular patterns (but
not the presence or absence of a pattern) appear after PC5 (Fig.
S1C); PCA analysis was therefore carried out on the merged
dataset of 954,063 SNPs.
We investigated the effect of LD on the PC analyses by varying
the number of preceding SNPs (Nreg) considered in a regression
analysis to predict the genotypes for each SNP, and then
performing PCA on the residuals of the regression analysis, as
described previously [23]. In general, the results for the top PCs
did not change with different values of Nreg, except that as Nreg
increased, decreasing amounts of the variation explained (Fig. S2),
and less significant TW statistics (not shown), were associated with
the top PCs. This effect of increasing Nreg is similar to LD pruning
by removing SNPs that are closely-associated with other SNPs; for
example applying a standard LD pruning in PLINK to the full
dataset yields 220,247 SNPs and is similar in effect to using
Nreg.3 (Fig. S2). Given the overall small impact of LD on the PC
analysis, and in order to preserve as much as possible information
relevant to the demographic history of these populations, we
present here the results obtained with Nreg=0.
A plot of PC1 vs. PC2 (Fig. 2) reveals the same pattern observed
previously in similar studies [12,13,21], with PC1 differentiating
sub-Saharan Africans from all other individuals, and PC2
indicating an east-west spread of individuals across Eurasia. The
amount of variation explained by each of the first 41 PCs is
significantly greater than zero (p,0.001), according to the TW
statistic [23]. However, statistical significance does not necessarily
imply biological relevance; by PC15 there is a leveling-off of both
the amount of variation explained and the significance of the TW
statistic (Fig. 3A). We therefore focus attention on the first 15 PCs
(Fig. 3B), each of which is statistically-significant at p,10
214 and
explains more than 0.52% of the variation (Fig. 3A). There are two
important aspects of human genetic history that are emphasized
by these additional PCs. First is the role of migration, including
dispersals out of sub-Saharan Africa and across Africa and the
Eurasian landmass (PC1, PC2, and PC7), into the Americas (PC3),
and into Oceania (PC4). Second is the importance of genetic
structure within Africa: PC5 separates African agricultural groups
(Yoruba, Mandenka, and Bantu) from African hunter-gatherers
(San, Mbuti Pygmy, and Biaka Pygmy); PC6 separates the San
from the two Pygmy groups; PC8 separates the Mbuti Pygmies
from the Biaka Pygmies; PC11 separates the Bantu and Yoruba
from the Mandenka; and PC14 separates the Bantu from the
Yoruba. PCs 9, 12, 13 and 15 tend to distinguish various
combinations of Karitiana from Pima and Surui, Bantu from
Yoruba, and/or Nasioi from Papuan. Beyond PC15 the patterns
become less clear cut, and mostly distinguish various combinations
of individuals within the sub-Saharan African groups (Fig. S3).
Thus, relative to the number of African groups in the sample,
genetic structure within Africa has a clearly disproportionate
influence on worldwide human genetic diversity.
To ensure that these patterns do not simply reflect high
differentiation at a few SNPs, we removed SNPs with Fst values in
the top 10% of the Fst value distribution and repeated the PC
analysis. The results, based on 853,971 SNPs with Fst values less
than 0.2126, are virtually identical up to PC9, and highly similar
thereafter, to the results based on the entire data set (results not
shown). Thus, the PC analysis reflects genome-wide patterns, not
just a few highly-differentiated SNPs.
We also used a maximum-likelihood method, implemented in
the software frappe [24], to assign ancestry components to each
individual without any prior assumptions about clustering of
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ancestry component among individuals could reflect recent
admixture, ancient shared ancestry, or both. Although additional
knowledge concerning the likely history of the populations
involved can help distinguish among these possibilities, this is a
descriptive rather than a statistical analysis. As the method does
not allow inference of the most likely number of clusters (K), we
ran the analysis multiple times and observed highly concordant
Figure 1. Comparison of the observed heterozygosity per individual for Illumina vs. Affymetrix genotypes. (A) For all SNPs genotyped
on each platform. (B) For only those SNPs present on both platforms. (C) Box-and-whisker plot of heterozygosity values for each group, based on the
entire dataset of 954,063 SNPs. (D) Box-and-whisker plot of heterozygosity values for each group, based on a pruned dataset of 220,247 SNPs in
which SNPs in high LD were removed.
doi:10.1371/journal.pone.0007888.g001
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beyond different runs of the software gave different results,
although continental subdivisions remained largely similar. We
therefore present the results obtained with K=6 (Fig. 4), which are
largely concordant with the PC analysis and with previous such
analyses of the HGDP-CEPH[13,21]. The six clusters roughly
correspond to the Americas, sub-Saharan Africa, North Africa/
Europe/Middle East, Central/South Asia, East Asia, and
Oceania. The Hazara (Pakistan) and Uygur (China) have roughly
equal amounts of the North Africa/Europe/Middle East, Central/
South Asia, and East Asia ancestry components, while all of the
other Central/South Asia groups have (in addition to the Central/
South Asia ancestry component) appreciable amounts of the North
Africa/Europe/Middle East ancestry component (except for the
Figure 2. Plot of PC1 vs. PC2 for the 250 HGDP-CEPH individuals using the combined, non-overlapping set of 954,063 SNPs from
the Affymetrix and Illumina platforms. Population labels are abbreviated to the first 3 letters of the population name. Regional labels are:
AM=Americas, CSA=Central/South Asia, EA=East Asia, EUR=Europe, ME=Middle East, OC=Oceania (Melanesia), SSA=Sub-Saharan Africa.
doi:10.1371/journal.pone.0007888.g002
Figure 3. Information from additional PCs. (A) Amount of variation explained and associated statistical significance, based on the TW statistic,
for the first 15 PCs. (B) Heat plot of the value of each of the first 15 PCs for each of the 51 populations. The PC values have been normalized for each
PC to range from 0 to 1.
doi:10.1371/journal.pone.0007888.g003
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groups have (in addition to the North Africa/Europe/Middle East
ancestry component) appreciable amounts of the Central/South
Asia ancestry component; the Bedouin and Palestinian groups
(Middle East) and the Mozabite (North Africa) also have some of
the sub-Saharan Africa ancestry component. One Makrani and
one Sindhi individual, both from Pakistan, are identified in both
the PC (Fig. 2) and frappe (Fig. 4) analyses as probably having
recent sub-Saharan African admixture.
Regional Population Structure and Relationships
Additional insights come from PC and frappe analyses conducted
at the regional level. As in the worldwide analysis, frappe results are
presented for the highest K value for which concordant results
were always obtained across multiple independent runs of the
software. When just the Central/South Asia, Middle East, North
Africa, and European groups are analyzed, PC1 (Fig. S4A)
distinguishes the Mozabite (North Africa), Middle East, and
Europe groups from the Central/South Asian groups, while PC2
separates the Mozabite and Middle East groups from the Europe
groups, with no overlap among individuals from the different
North Africa/Middle East/Europe groups. By contrast, there is
overlap among individuals from the different Central/South Asia
groups; in addition, the Makrani and Sindhi individuals identified
in the worldwide analysis as having experienced recent sub-
Saharan African admixture are clearly differentiated by PC2. The
frappe analysis at K=5 (Fig. S4B) indicates ancestry components
corresponding to the Mozabite, Kalash, Hazara/Uygur, other
Central/South Asia, and Europe groups. The three Middle East
groups have varying amounts of the Europe, Mozabite, and
Central/South Asia ancestry components. The three Italian
groups are alone among European groups in having low amounts
of the Mozabite ancestry component, possibly indicating gene flow
across the Mediterranean. The Sardinians differ from continental
European groups in lacking any Asian ancestry component, while
the Russians and Adygei differ from other European groups in
having appreciable amounts of the Hazara/Uygur and other
Central/South Asia ancestry components, respectively, indicating
more gene flow and/or ancestry with these groups (Fig. S4B).
The Hazara and Uyghurs are of interest in that they consistently
overlap in PC plots, even in higher PCs (Fig. S3) and share similar
ancestry component profiles (Fig. 4 and Fig. S4B), which is
remarkable considering that they speak very different languages
and their sampling locations are separated by approximately
1500 km (Fig. 4). Although the Uyghur are often thought to
exhibit European and East Asian admixture [13,19], in the
worldwide analyses the Uyghur show genetic affinities with
Pakistani, East Asian, and European groups (Fig. 4). Moreover,
when all Eurasian groups are analyzed, the PCA (Fig. S5A)
indicates that the Hazara and Uyghur fall on an axis between East
Asia (possibly Siberia) and some unknown Central/South Asian
source that is either now extinct or has yet to be sampled. The
frappe analysis at K=4, for just Eurasia (Fig. S5B), indicates four
ancestry components corresponding roughly to Europe, Central/
South Asia, northern East Asia, and southern East Asia. The
Hazara and Uyghur are unique among all Eurasian groups in
Figure 4. frappe results for K=6. Each color indicates a different ancestry component.
doi:10.1371/journal.pone.0007888.g004
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history is more complex than a simple picture of admixture
between Europe and East Asia.
When just the East Asian groups are analyzed, the plot of
PC1 vs. PC2 (Fig. S6A) indicates a north-south axis of genetic
differentiation, from Yakuts to Cambodia, with considerable
overlap of individuals from different groups. This north-south cline
is also evident in the frappe analysis for K=2 (Fig. S6B), which was
the highest K value for which consistent results were obtained
across independent runs of the software (at K=3, sometimes Lahu
were distinguished, and sometimes Japan was distinguished). This
north-south distinction (also evident in the frappe analysis for
Eurasia; Fig. S6B) is commonly observed in genetic analyses of
East Asian populations [25], but it still remains unclear as to
whether this is due to a single origin from the south and spread
northward; a single origin from the north and spread southward;
or separate origins for northern and southern East Asian groups
and bi-directional migration.
When just the sub-Saharan African groups are analyzed, the
three hunter-gatherer groups (San, Mbuti Pygmy, and Biaka
Pygmy) are clearly differentiated in the PCA (Fig. S7A) from one
another and from the three food-producing groups (Bantu,
Mandenka, and Yoruba). In addition, although closely grouped,
there is no overlap in the PCA between the Bantu, Mandenka, and
Yoruba. The frappe analysis (Fig. S7B) at K=4 completely
distinguishes the San, Mbuti Pygmy, Mandenka, and Bantu from
one another. The Yoruba have both the Mandenka and Bantu
ancestry components, which is consistent with their geographic
proximity to both the Mandenka and to the presumed ancestral
home for the Bantu expansion in or near Cameroon [26]. The
Biaka Pygmies have appreciable amounts of both the Bantu and
the Mbuti Pygmy ancestry components, as well as (intriguingly) a
smaller amount of the San ancestry component, which may
indicate different interactions among hunter-gatherer groups in
the past.
Finally, when just the groups from the Americas are analyzed,
the PCA (Fig. S8A) clearly distinguishes all five groups from one
another. The Piapoco and Curripaco (Colombia) and Maya
(Mexico) show the closest affinities, even though they are from
different continents. The frappe analysis (Fig. S8B) completely
distinguishes the Pima, Maya, Karitiana, and Surui from one
another, while the Piapoco and Curripaco have, in addition to
their own different ancestry component, small amounts of the
Maya, Karitiana, and Surui ancestry components. These results
most likely reflect the role of genetic drift and/or bottlenecks in
establishing detectable genetic differences among these groups
with relatively small population sizes from the Americas (also
reflected in their overall lower heterozygosity values, as shown in
Fig. 1), as well as a more complex history for the Piapoco and
Curripaco.
Recent Local Selection
We developed a modified lnRsb method [9] to detect signatures
of recent local selection in genome-wide SNP data from multiple
populations (see Methods). The rationale behind this method is
that SNPs in a genomic region that has experienced recent positive
selection in one population will show larger extended haplotype
homozygosity (EHH) values than the EHH values of the same
SNPs in a population that has not experienced such selection.
Since some demographic processes can produce signals in genomic
data that mimic signs of selection [27,28], we used stringent
criteria to identify candidate regions of recent local selection: we
calculated an lnRsbAR value for each SNP, defined ‘‘top SNPs’’
(tSNPs) as those within the upper 1% of the distribution of
lnRsbAR values, and required candidate regions to have at least
25 tSNPs in a 100 kb region for the individual population
comparisons, and at least 10 tSNPs in a 100 kb region for the
continental regional comparisons (see Methods). We do not expect
that all of these candidate regions have experienced local selection,
nor does the absence of a signal in a particular population indicate
that selection has not occurred in that population; however, we do
expect that the candidate genomic regions identified in this study
are enriched for any regions that have indeed experienced local
selection [9,29].
We also used simulations to investigate the power of our
approach to detect selection and found a negligible effect of sample
size on power, even for sample sizes as small as 10 chromosomes
(Fig. S9). Other approaches for detecting selection either have low
power with small sample sizes, e.g. iHS [30], or assume that the
selected allele has been fixed, e.g. Sweepfinder [7], and hence were
not used.
Our analysis found wide-spread signals of local adaptation at
both the individual population level and the continental regional
level. A list of the 25 top candidate regions indicative of positive
selection in each population is provided in Table S2, and the
candidate regions on chromosome 2 are depicted for each
population in Fig. 5A. Many of these candidate regions overlap
with one another, and in total there are 632 non-overlapping
candidate regions throughout the genome across the 51 popula-
tions. Moreover, there is widespread sharing of candidate genomic
regions among populations; about 33.1% (209/632) of the
candidate regions detected at the population level occur in at
least two different populations (Table S2), and many of these are
shared across broad geographic regions.
However, because of the stringent criteria used to identify
candidate regions, and the relatively low sample size of 10
chromosomes for individual populations, some signals shared
across a region may not show up in particular populations. We
therefore grouped populations into regions (as shown in Fig. 2) and
repeated the analysis for recent local selection. Here, we
considered the 100 top ranking candidates from each regional
group, since we expect in each regional group there should be
collectively more candidate signals than at the population level; a
list of these candidate regions is provided in Table S3 and the
candidates identified on chromosome 2 in the regional comparison
are depicted in Fig. 5B. The analysis at the regional level also
shows that about 29.3% (115/393) of the candidates are shared
across more than one region (Fig. 6). The highest number of
shared candidates is found for Central/South Asia-Middle East-
Europe (16), followed by Middle East-Europe (15), East Asia-
America (12), Central/South Asia-Europe (11), Oceania-East Asia
(9) and Central/South Asia-East Asia (5). This largely reflects the
geographic relationships of the non-African regional groups, and
indicates a highly correlated history of recent positive selection
among the Central/South Asia, Middle East, and European
groups. The high overlap in candidates between East Asia and the
Americas, and East Asia and Oceania, is presumably indicative of
selection events that occurred in East Asian ancestors of native
Americans and of Oceanians, respectively.
Numerous genes that were previously reported to have
undergone selection overlap with our candidate regions at either
the population or regional level (Tables S2 and S3), including:
pigmentation related genes SLC24A5 (in the Middle East and
Europe regions), TYRP1 (in seven non-African populations and in
the Middle East, Europe and America regions) and OCA2 (in Dai
and the East Asian region); diet related genes TRPV5 and TRPV6
(in Tujia) and LCT (in Bedouin and Brahui); drug response related
gene ABCB1 (in seven world-wide populations and the Central/
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region), microcephaly related gene MCPH1 (in New Guinea),
cation transporter gene SLC22A4 (in Mbuti Pygmy and the
Central/South Asia, Europe, Middle East and America regions),
and cell surface receptor gene EDAR (in Adygei, Tuscan, Pathan,
Maya, Pima and eleven East Asian populations, and in the
Central/South Asia, East Asia and America regions), which is
important for hair and teeth development.
GO Enrichment Analysis
To further investigate these candidate regions, we performed a
Gene Ontology analysis for the genes in the candidate regions
identified at the population level. The FUNC hypergeometric test
was performed with 5000 random sets [31], which identified many
GO groups that are significant at a false discovery rate (FDR) level
of 5%. GO terms of too general definition, or those that repeated
information, were removed to reduce redundancy (Table 1). These
Figure 5. Plot of candidate regions for recent local selection on chromosome 2. Each horizontal row is a population (A) or regional group
(B), with abbreviations for population names given in Table S1. The numbers across the top indicate the position (in megabases) along the
chromosome, and each light box indicates a candidate region of recent positive selection. The vertical red lines indicate the position of the EDAR and
LCT genes. (A) For all 51 populations. (B) For six regional groups of populations (excluding sub-Saharan Africa).
doi:10.1371/journal.pone.0007888.g005
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PLoS ONE | www.plosone.org 7 November 2009 | Volume 4 | Issue 11 | e7888Figure 6. Candidates for recent local selection shared by two or more regional groupings of populations. Each row is a candidate
region for recent positive selection, and each column is a regional grouping of populations. The darkness of the bar in each entry indicates the rank
of that candidate region within the top 100 signals for that region (ordered by p-value), according to the scale bar at the bottom.
doi:10.1371/journal.pone.0007888.g006
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genes previously hypothesized to be subject to selection [10,32],
including: immunity and defense related genes; sensory perception
genes; membrane proteins; and signal receptors. However, our
analysis additionally identifies several novel GO groups related to
nervous system function (Table 1), including cognition, neurolog-
ical system processes, neuropeptide signaling pathway, and
metabotropic glutamate, GABA-B like receptor activity (involved
in synaptic transmission).
Novel Candidates in African Pygmies
Of particular interest are two genomic regions that show signs of
selection in the African Pygmy groups that may be related to their
short stature. In the genomic region Chr15:62,071,285-62,735,847
in Mbuti Pygmies, there is an obvious increase in EHH and an
absence of genetic diversity, and this signal of positive selection
ranks as the second strongest in Mbuti Pygmies (Fig. 7A). A model-
driven, composite likelihood ratio (CLR) test based on examina-
tion of the local allele frequency spectrum was applied to this
region to estimate the center of selection [7], and revealed that the
TRIP4 gene sits at the peak of the likelihood ratio values (Fig. 7A).
TRIP4 is a thyroid hormone receptor interactor that interacts and
activates thyroid receptor in the presence of thyroid hormone.
While Biaka Pygmies do not share this signal of selection, there
is another strong candidate region of selection (ranking seventh)
that includes a gene closely related to thyroid hormone pro-
duction. This gene is iodotyrosine dehalogenase 1 (IYD), and
is near the maximum lnRsbAR value in the genomic region
chr6:150,648,034-151,372,379 (Fig. 7B). IYD catalyzes deiodin-
ation of mono- and di-iodotyrosine (two byproducts of thyroid
hormone metabolism), and facilitates iodide salvage in the thyroid
gland. Analysis of these two candidate regions in just the Illumina
SNP data for the HGDP-CEPH [13], which consists of more
individuals but fewer SNPs, reveals that TRIP4 is still a strong
candidate region for recent positive selection in Mbuti Pygmies,
but while there is still an extended EHH signature for IYD in
Biaka Pygmies, it is no longer among the top 25 candidate regions.
This discrepancy may be due to the smaller number of individuals
in our study, or the smaller number of SNPs in the Illumina SNP
data in the candidate region.
The Mbuti and Biaka Pygmy groups live in inland tropical
forests with limited access to iodine-rich foods. Previously it was
found that in the iodine-deficient Ituri Forest, where Pygmy and
Bantu groups live in association with each other, the prevalence of
goiter in the Bantu is 42.9%, compared to just 9.4% in Pygmies
[33]. This observation, coupled with the strong signals of selection
for TRIP4 and IYD, suggests that Pygmies may have adapted to
their iodine-deficient environment by genetic changes in the
thyroid hormone pathway. Moreover, these genetic changes may
also be responsible for short stature, as discussed in more detail
below.
Discussion
Genetic Variation and Population Structure
Our comparison of SNP genotypes obtained with two different
genotyping platforms for the same set of individuals indicates that
while much of the information captured by these platforms is
similar, there are nonetheless important differences. The most
striking difference is in the heterozygosity per individual (Fig. 1A);
for every individual the observed heterozygosity was higher
for the Illumina SNPs than for the Affymetrix SNPs, and the
overall average heterozygosity for the Illumina SNPs was 0.287,
significantly higher than the overall average heterozygosity of
0.265 for the Affymetrix SNPs. Although the Illumina software
tends to call more heterozygotes than the Affymetrix software
(Fig. 1B), this difference alone does not account for the observed
discrepancy in heterozygosity values for the two platforms.
Instead, it appears that the Illumina SNPs were ascertained to
have higher heterozygosity values than the Affymetrix SNPs. To
be sure, both platforms are biased towards detecting SNPs with
high minor allele frequencies, as can be seen in the fact that
heterozygosity values for both platforms are much higher than is
observed in resequencing studies. For example, we calculate from
a previous resequencing study [34] of Hausa, Han Chinese, and
Italians observed heterozygosities of 0.15, 0.11, and 0.12,
respectively, which are much lower than the heterozygosity values
obtained with the SNP genotyping platforms for comparable
populations. Moreover, the SNPs on both platforms overestimate
heterozygosity in European populations (and those of related
ancestry) relative to other populations (especially sub-Saharan
Africa), as can be seen in Figs. 1A and 1C. However, when
pruning of SNPs in high LD is carried out, then the familiar
pattern of overall greatest genetic diversity in sub-Saharan Africa
is obtained with the genome-wide SNP data, in spite of the
ascertainment bias (Fig. 1D).
The merged dataset of non-overlapping, filtered SNPs from
both the Illumina and Affymetrix platforms consists of nearly 1
million SNPs, making this the largest genome-wide scan of
worldwide human populations. Although the genetic structure (PC
and frappe) analyses at both the worldwide and regional levels
largely recapitulate previous such analyses of the HGDP-CEPH
with fewer genetic markers [12,13,21,35], there are three
important insights that deserve more attention. First, the first
PCs emphasize the role of migration and dispersal in human
Table 1. GO categories significantly over-represented among
candidate gene regions for recent positive selection, as
identified by the FUNC analysis.
GO name GO ID
FDR for
over-representation
sensory perception of chemical stimulus GO:0007606 0
G-protein coupled receptor activity GO:0004930 0
olfactory receptor activity GO:0004984 0
integral to membrane GO:0016021 0.00E+00
signal transducer activity GO:0004871 1.14E204
molecular transducer activity GO:0060089 1.14E204
cognition GO:0050890 0.000779879
rhodopsin-like receptor activity GO:0001584 0.000997632
neurological system process GO:0050877 0.0016896
MHC protein complex GO:0042611 0.00179347
glucuronosyltransferase activity GO:0015020 0.00303429
extracellular region GO:0005576 0.00539895
antigen processing and presentation GO:0019882 0.00551127
integrin complex GO:0008305 0.00656041
neuropeptide signaling pathway GO:0007218 0.0208835
xenobiotic metabolic process GO:0006805 0.0401682
metabotropic glutamate, GABA-B-like
receptor activity
GO:0008067 0.0406189
sulfate transport GO:0008272 0.0423062
FDR, false discovery rate.
doi:10.1371/journal.pone.0007888.t001
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entry into the Americas, and entry into Oceania. Indeed, the order
of the PCs closely corresponds to the relative timing of these
events, with the exception that the initial colonization of Near
Oceania (i.e., Australia and New Guinea) is generally considered
to have occurred around 40,000–50,000 ybp [36], before the
initial colonization of the Americas at not more than 15,000 ybp
[37], although the more recent migration of Austronesian-speakers
to Oceania has had a large genetic impact on coastal New Guinea
and island Melanesian populations [38,39]. To be sure, spatial
patterns observed in PC plots may reflect isolation by distance
rather than migration [40]. Nonetheless, humans did spread out of
Africa, across Europe and Asia, and into the Americas and the
Pacific via migrations, and this close correspondence between the
order of the PCs and major human migrations suggests that there
may be information in the PC analysis about the timing of such
migrations (possibly coupled with the effective size of the migrating
population), a possibility that we are currently exploring further.
Second, many of the subsequent statistically-significant PCs
(Fig. 3 and Fig. S3) distinguish among various combinations of the
sub-Saharan African groups (or among individuals within such
groups), despite the fact that there are only six such groups in the
analysis. This disproportionate impact of structure within sub-
Saharan Africa on analyses of worldwide genetic diversity clearly
Figure 7. Signals of selection for thyroid hormone pathway genes in African Pygmies. (A) 1 Mb region around TRIP4 in Mbuti Pygmies. (B)
500 Kb region around IYD in Biaka Pygmies. In each panel, the top part is the region surrounding the candidate gene with the position of genes
indicated, followed by the distribution of the iES, RsbAR, and Sweepfinder [7] statistics, followed by a diagram of the haplotypes observed in either
Mbuti (A) or Biaka (B) Pygmies, where each row is a haplotype, each column is a SNP, and the light vs. dark shading indicates the alternative alleles for
each SNP.
doi:10.1371/journal.pone.0007888.g007
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need for further in-depth genetic characterization of sub-Saharan
African populations [22]; we would hardly expect that these six
groups encompass all of the genetic diversity in sub-Saharan
Africa.
Third, previous analyses of European genetic diversity have
shown that there is a surprisingly good correspondence between the
geneticandgeographicrelationshipsofindividuals[15,40]. Towhat
extent does this hold for other regions of the world? The inter-
cluster PC distances are significantly correlated with the geographic
distances between groups for the worldwide (p=0.011), Europe/
Middle East/Central-South Asia (p,0.00001), and East Asia
(p=0.001) comparisons, but not within the Americas (p=0.201)
or sub-Saharan Africa (p=0.43). And while the sampling of
individuals and populations in the present study is not of the same
depth as in the previous studies of European diversity, nonetheless
the regional PCanalyses(Figs. S4,S5,S6,S7, S8)indicatethat there
is no overlap of individuals from different groups (despite the close
clustering of some groups) from within sub-Saharan Africa, the
Americas, or North Africa/Europe/Middle East. However, within
Central/South Asia and within East Asia some overlap does occur
among individuals from different groups. Thus, the previous
findings based on European populations are not universal, and it
would be of interest to explore further those cases where individuals
fromdifferentgroupsoverlapinthePCanalysis(i.e.,doesthisreflect
recent common ancestry of the groups, recent admixture, or some
other factor?).
Recent Positive Selection
Previous work on recent positive selection in human populations
focused primarily on single representatives from each of the three
major continental regions, namely Africa (African Americans/
Yoruba), Europe (European Americans/Central Europeans) and
East Asians (Han Chinese and Japanese) [8–10,32]. The
genotyping of the HGDP-CEPH panel provides a much more
comprehensive and detailed analysis of worldwide human
population structure, and it is therefore of interest to determine
if the previously observed signals of recent positive selection also
appear in these additional populations.
Recently, another study [30] searched for signals of positive
selection in the previously-generated genotype data [13] for the
HGDP-CEPH. In this study, several genome-wide scan methods,
including iHS [10], XP-EHH [8] and Fst were used to identified
signals of positive selection mainly at the continental region level.
Since the lnRsb method in our study is similar to the XP-EHH
method and is related to the iHS method, both used in the previous
study [41], we expect to see some overlap among our candidates
and those identified previously. Indeed, for the continental region
groups defined similarly between the two studies (i.e., the Middle
East, Europe, East Asia, Oceania, and America), substantial
proportions of the iHS candidates (21.4%–51.2%) and XP-EHH
candidates (46.6%–63.0%) overlap with our lnRsb candidates (all
p-values ,0). This degree of overlap is greater than that usually
observed among genome-wide selection studies [42]. The strong
consistency between our results and the previous study, based on
partly different methods, individuals, and SNPs, supports the
reliability of the candidate regions. In addition, our study provides
more detailed analyses at the individual population level than
previous such studies.
As indicated above, we do re-capture many previously-inferred
signals of positive selection, some of which are quite strong signals
shared across many populations and multiple geographic regions.
For example, this is the case for EDAR (Fig. 5), TYRP1 and
ABCB1 (Tables S2 and S3). However some previously-inferred
candidate genes show signals of recent positive selection at the
regional level but less so within individual populations, such as
SLC24A5, OCA2, CASP12 and SLC22A4 (Tables S2 and S3).
Other previously-identified candidates, such as TRPV5/TRPV6
and LCT, do not stand out at either the regional or the individual
population level.
There are three potential explanations for the failure of our
analyses to detect previously-identified candidates. First, the sample
sizes in our study may be too small to have sufficient power to
detect signals of selection. However, the power analysis (Fig. S9)
indicates that sample sizes of even just 10 chromosomes have
nearly the same power as larger sample sizes. Moreover, the high
degree of overlap between our candidates and those identified in a
previous analysis of the HGDP-CEPH [41] suggests that low
power is not an issue. Second, some signals detected previously
may be out-ranked by novel signals, which are of higher
significance when considering the additional populations included
in our analyses; we discuss some of these novel signals below.
Third, some previously-identified signals might represent popula-
tion-specific signals rather than more widespread regional signals.
One such example is LCT. The LCT gene was previously shown
to have undergone selective sweeps in European and sub-Saharan
African populations that rely on milk-drinking [43,44]. However,
both our study and the previous study [41] of the HGDP-CEPH
fail to identify LCT as a candidate gene for recent positive
selection in either the European regional group or in any of the
individual European populations (with the exception of Orcadians
in our study). This suggests that either overall European
population diversity is not well-represented by the HGDP-CEPH
(i.e., there is a lack of North European groups, where the strongest
signals for selection on LCT would be expected), or that genes
previously studied in a limited context for recent positive selection
should now be re-examined in a worldwide population context.
Some of the signals of recent positive selection identified in this
study are shared among many populations and/or regions. It is
expected that populations with more recent common ancestry
would share the same past genetic adaptations, and hence the
same candidate regions. This is consistent with the observations of
many overlapping signals across the Middle East, Europe, and
Central/South Asia, and between East Asians and the Americas or
Oceania (Fig. 6). However, another possible explanation is
convergent adaptation reflecting similar selection pressures, as
has been observed at LCT in European and some sub-Saharan
milk-drinking groups [44], and hypothesized for TRPV6 in
European and East Asian groups [45]. To distinguish between
recent shared ancestry vs. convergent adaptation as possible
explanations for shared signals of recent positive selection, further
study of the underlying haplotype structure and age of the onset of
selection would be required.
The GO analysis identified several classes of genes pre-
viously hypothesized to be subject to selection [10,32], including:
immunity and defense related genes; sensory perception genes;
membrane proteins; and signal receptors. Given that these classes
of genes are involved in how humans interact with their
environment, especially in terms of pathogens and diet, it is not
unexpected that they would be over-represented among candidate
regions for recent positive selection. However, our analysis
additionally identifies several novel GO groups related to nervous
system function (Table 1). Although further work is necessary to
confirm the hypothesized signals of recent positive selection at
genes in these GO groups, we speculate that these observed signals
of selection may be related to how different human groups interact
behaviorally with their environment and/or with other human
groups.
Human Variation and Selection
PLoS ONE | www.plosone.org 11 November 2009 | Volume 4 | Issue 11 | e7888Novel Candidates
In addition to the previously-identified candidate genes men-
tioned above, many novel candidates were identified (Tables S2
and S3); we briefly describe the most noteworthy of these. The
COL11A1 gene is identified as a candidate for recent positive
selection in 22 non-African populations and all six of the non-
African regions (Tables S2, S3). This gene maps to the region
Chr1:103114611-103346640 and encodes an alpha chain for type
IX collagen. This gene is essential for cartilage tissue development
and mutations in it have been associated with Stickler syndrome
type III and Marshall syndrome [46], which are characterized by
hearing loss and bone and joint defects. Since cartilage makes up
muchof the soft tissue of the face, it is tempting to speculate that this
gene may play a role in facial and/or physical differences among
groups. Another region (chr1:153067871-153352772), which is the
top-ranking candidate in East Asia and in the Han, Japanese, and
Naxi groups, and the third ranking candidate in Xibo, contains the
SHC1 and KCNN3 genes. SHC1 encodes a signaling and
transforming protein that couples various growth factors into the
signaling pathway, and is associated with stress responses and
increased lifespan in mammals [47]. KCNN3 encodes a small
conductance calcium-activated potassium channel that is thought
to regulate neuronal excitability, and polymorphisms in KCNN3
have been associated with several neural disorders, including
schizophrenia [48]and anorexia nervosa [49]. Another strong signal
of selection is associated with a cluster of b-defensin genes that map
to the region Chr8: 10917927-11894726. This is one of the most
widespread signals of selection in non-African populations, with
18 populations across different regions sharing this signal, and
it is the top-ranking candidate region in Central/South Asia. The
b-defensins are a group of small, secreted proteins that are active
against bacteria, fungi and many viruses. Strong signals of selection at
this locus hence might suggest adaptation to local pathogens. A high-
ranking candidate region in the Maya, Hazara, and several East
Asian populations with nomadic origins (including Yakut, Mongola,
Oroqen, Xibo and Hezhen) is Chr5:70800637-71275894, centered
around the CARTPT gene. This candidate region also ranks high in
several regional groups, including Central/South Asia, Middle East,
Europe, East Asia, and the Americas. CARTPTencodes the cocaine-
and amphetamine-regulated transcript protein Cart. It is a brain-
located satiety factor that serves as an endogenous psychostimulant
and plays an important role in energy homeostasis, feeding, and
reward and stress responses [50]. Given the widespread signals of
selection in most non-African regional groups, we speculate that
adaptations influencing this gene might have played an important
role in the early migrations of human populations.
It should be noted that not all of the top-ranking candidates
contain genes. For example, the region Chr9:38623652-38761831
is the top-ranking candidate region in eight populations (Bedouin,
Druze, Adygei, Basque, Xibo, Daur, Lahu and Pima) and two
regions (Middle East and Europe), but contains no genes. Several
uncharacterized transcripts are within this region; these transcripts
or other potentially functional components within this region
might be interesting targets for further investigation.
Novel Candidate Genes for Short Stature in African
Pygmies
The short stature of Pygmy groups around the world has long
intrigued anthropologists [51,52]. It is generally accepted that
their small body size is a result of genetic adaptation; however,
which genes were selected, and the nature of the underlying
selective force(s), remain unknown. The various hypotheses
proposed include adaptations to food limitation, thermoregulation,
mobility in the forest, and/or short lifespan [52]. A recent study of
the HGDP-CEPH populations identified a signal of selection in
the insulin growth factor signalling pathway in Biaka Pygmies,
which might be associated with short stature, but this signal was
not shared with Mbuti Pygmies [41]. By contrast, we found strong
signals for selection in both African Pygmy groups at two genes
involved in the iodide-dependent thyroid hormone pathway:
TRIP4 in Mbuti Pygmies; and IYD in Biaka Pygmies (Fig. 7).
Intriguingly, a previous study [33] found a significantly lower
frequency of goiter in Efe Pygmies (9.4%) than in Lese Bantu
farmers (42.9%). The Efe and Lese live in close proximity to one
another in the iodine-deficient Ituri Forest and share similar diets.
Moreover, the frequency of goiter in Efe women living in Bantu
villages was similar to that of Efe women living in the forest, and
the frequency of goiter in offspring with an Efe mother and a Lese
father was intermediate between that of Efe and Lese [33]. These
observations suggest that the Efe have adapted genetically to an
iodine-deficient diet; we suggest that the signals of recent positive
selection that we observe at TRIP4 in Mbuti Pygmies and IYD in
Biaka Pygmies may reflect such genetic adaptations to an iodine-
deficient diet. Furthermore, alterations in the thyroid hormone
pathway can cause short stature [53,54]. We therefore suggest
that short stature in these Pygmy groups may have arisen as a
consequence of genetic alterations in the thyroid hormone
pathway.
If this scenario is true, then there are two important im-
plications. First, this would suggest that short stature was not
selected for directly in the ancestors of Pygmy groups, but rather
arose as an indirect consequence of selection in response to an
iodine-deficient diet. Second, since different genes in the thyroid
hormone pathway show signals of selection in Mbuti vs. Biaka
Pygmies, this would suggest that short stature arose independently
in the ancestors of Mbuti and Biaka Pygmies, and not in a
common ancestral population. Moreover, most Pygmy-like groups
around the world dwell in tropical forests [52], and hence are
likely to have iodine-deficient diets. The possibility that indepen-
dent adaptations to an iodine-deficient diet might therefore have
contributed to the convergent evolution of the short stature
phenotype in Pygmy-like groups around the world deserves further
investigation.
In conclusion, obviously much more work is needed to verify the
potential signals of selection at the thyroid hormone pathway
genes in Mbuti and Biaka Pygmies, as well as the many other novel
and intriguing signals of selection identified in this study.
Nevertheless, the results of our study, and similar such studies
[30], provide a rich source of novel hypotheses concerning the role
of genetic adaptations and recent positive selection in human
evolution that deserve further investigation. The value of assessing
genome-wide data from additional worldwide populations for
signals of recent positive selection is thus amply demonstrated.
Materials and Methods
Samples
We selected a subset of 255 individuals from the HGDP-CEPH
(Table S1) for genotyping by choosing at random five unrelated
individuals based on the H952 set [55] from each of 51
populations (all five Bantu individuals are from Kenya, so no
South African Bantu were included). We also genotyped two
samples as positive controls: Affymetrix Reference Genomic DNA
103 and HapMap #NA06985 CEPH/UTAH Pedigree 1341, for
which Affymetrix 500 K consensus genotypes are available. We
downloaded genotype data obtained with Illumina Human
Hap650K Beadchips [13]for 250 of the HGDP-CEPH individuals
that we analyzed (http://hagsc.org/hgdp/files.html).
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The Affymetrix GeneChip Human Mapping 500 K Array Set is
comprised of two arrays; one uses the Nsp I restriction enzyme
(262,314 SNPs), while the second uses Sty I (238,354 SNPs).
Briefly, total genomic DNA (250 ng per array) was digested with
each restriction enzyme, ligated to adaptors, and amplified using a
generic primer that recognizes the adaptor sequence. The
amplified DNA was then fragmented, labeled, and hybridized to
oligonucleotide probes attached to the surface of each array. Array
batches from different enzyme fractions were processed on
different days in order to reduce the risk of cross-contamination.
Each array was scanned using the GeneChip Scanner 3000 with
the High-Resolution Scanning Upgrade. The cell intensity files
were analyzed using GeneChip Analysis Software (GTYPE) v4.1
and Genotyping Console Software v2.1.
The Dynamic Model (DM) mapping algorithm integrated into
the GTYPE software assigned the genotype call for each SNP, and
was primarily used to perform single-array quality control (QC). All
runs of the DM algorithm were performed at default settings. On
average, the DM SNP call rate was 93.8% (range 87.0 – 98.1%) for
theNspI arrays,and92.9%(range87.1–98.3%) for the StyI arrays.
Call and discrimination rates of the additional QC Modified
Partitioning Around Medoids algorithm (MCR and MDR) did not
differ over ,20%, indicating no contamination or sample mix-up.
The reported DM gender calls for each array matched the gender
described in the HGDP-CEPH panel information for each sample,
with one exception. For sample HGDP_01239 (Hezhen, China) the
reported DM gender call (male) for both the Nsp I and Sty I arrays
disagreed with the gender of the HGDP-CEPH panel information
for that sample (female); however genotypes from another
laboratory agreed with our gender call [55]. In order to create a
virtual 500 K set combining the same sample data from the two
different arrays, the Affymetrix sample mismatch report tool was
run, confirming for all 255 samples that the same sample was
genotyped in each paired Nsp I and Sty I array.
To assess the reliability of the genotyping experiments for the
positive controls, the percentage of agreement (i.e., genotype
concordance) and unweighted Cohen’s Kappa statistic (i.e.,
percentage of agreement above and beyond chance alone) were
calculated using an R script. Genotypes of the Affymetrix
Reference Genomic DNA 103 were compared with the consensus
genotypes provided by Affymetrix. Genotypes of the HapMap
#NA06985 CEPH/UTAH Pedigree 1341 were compared with
the consensus genotypes obtained from the HapMap website.
Genotypes for these comparisons were obtained by the Affymetrix
Bayesian Robust Linear Model with Mahalanobis (BRLMM)
distance classifier; all missing data were excluded. The concor-
dance for the genotypes from both Nsp I and Sty I arrays
combined together for the Affymetrix Reference Genomic DNA
103 was 98.5%, and for the HapMap #NA06985 CEPH/UTAH
Pedigree 1341 was 99.4%, while the calculated Kappa values were
0.98 and 0.99 respectively for each positive control sample.
Genotype Calling
Genotypes used for further analysis were called with the
CHIAMO algorithm (http://www.stats.ox.ac.uk/,marchini/
software/gwas/chiamo.html), which has been showed to outper-
form the standard Affymetrix BRLMM algorithm in several
respects [2]. First, Affymetrix CEL (cell intensity) files for each
sample were normalized using the Cel Quantile Normalisation
program (http://www.wtccc.org.uk/info/software.shtml). We then
investigated genotype-calling accuracy for severalparameter sets for
the CHIAMO program (Fig. S10), by comparing the called
genotypes for each parameter set to previously-published genotypes
[13] for the same samples but based on the Illumina HumanHap
650 K Beadchips, for the 96,849 SNPs that overlap between the
Affymetrix and Illumina platforms. Using allele frequency priors
based on HapMap population samples improved call rates in most
cases, and there was better overall concordance with the Illumina
calls (Fig. S10); however we also occasionally observed a regional
bias in terms of concordance with the Illumina calls, which we are
investigatingfurther(M.Bauchet,D.L.Herraez,and M.Stoneking,
unpublished data). Therefore, the following CHIAMO parameter
set, which minimized the discrepancy in genotype calls between the
twoplatformsinanunbiased fashion,was usedtocall the genotypes:
-gz -max1 -max2 -nmax200 -n 0 -b 0 (whichis the sameas used in a
previous study [2] except for the omission of allelefrequency priors).
We obtained CHIAMO calls for 488,756 autosomal SNPs.
Filtering and Merging Datasets
We then performed filtering; first, in order to avoid inter-
population biases in missing data, we defined a threshold of at least
three genotypes called per population sample. This discarded
53,235 SNPs in total. We also discarded rs41388745 as it was
mapped to both chromosome 1 and 7. Finally, by defining a
threshold of 1% for global Minor Allele Frequency (MAF) of a
SNP, we excluded an additional 18,875 SNPs, leaving a total of
416,644 filtered autosomal SNPs for further analyses. These data
are available at http://bioinf.eva.mpg.de/download/hgdpceph.
affy500k.tgz. We decided not to remove SNPs based on Hardy-
Weinberg (HW) disequilibrium because there is low power to
detect HW deviations with the sample sizes in this study, and
moreover a comparable study showed that the impact of removing
such SNPs was negligible [13].
Merging the Affymetrix and Illumina datasets was performed
with the PLINK software v1.05 [56] (http://pngu.mgh.harvard.
edu/purcell/plink). The 84,967 filtered SNPs in common were
merged following the consensus method, i.e. missing calls in one of
the datasets was filled from the other dataset, and mismatches
between datasets resulted in a missing call in the merged dataset.
When the initial filter was re-applied to this set of SNPs in
common, 2,169 SNPs were subsequently eliminated, yielding a
final marker set of 954,063 SNPs. PLINK was also used to prune
SNPs in high LD, using the following settings: -indep 50 5 2,
resulting in a dataset of 220,247 SNPs.
Population Structure Analyses
We performed principal component analysis (PCA) with the
smartpca program (http://genepath.med.harvard.edu/,reich/
Software.htm) from the EIGENSOFT package [23], with the
default settings except for numoutlieriter=0 (no outlier pruning)
and nsnpldregress=0. The percentage of the variance explained
and the Tracy-Widom statistic were calculated for each principal
component (PC). To examine the effect of LD on the PCA, we
investigated the effect of the parameter ‘nsnpldregress’, which
changes the input to PCA to be the residual of a regression
involving Nreg previous SNPs, according to physical location.
We also used the maximum likelihood (ML) algorithm imple-
mented in the frappe software [24] (http://smstaging.stanford.edu/
tanglab/software/frappe.html) to estimate individual affinities for a
pre-determined number of clusters. The MaxIter setting was set to
10,000 so that the convergence criterion was always met (likelihood
increase since last output less than one point per step), and we
performed at least four independent runs per set of populations.
Recent Local Selection
To identify candidate regions that have experienced recent local
selection (i.e., positive selection in some, but not all, populations),
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multiple populations. First, the extended haplotype homozygosity
for sites (EHHS) for each SNP in each population was determined
until the EHHS decayed to 10%, then the integrated EHHS was
calculated and log transformed into ln(iES) values. A reference
ln(iES) distribution was then formed by averaging the ln(iES)
values across the six African populations, with the expectation that
this should approximate the ancestral ln(iES). This results in
the African-referenced lnRsbAR value for each SNP in each
population, that is comparable to the original lnRsb [9]:
lnRsbAR~ln iES ðÞ {mean ln iES ðÞ Afr

To evaluate the signals that are shared among populations, we
merged the genotype data into the seven geographic regions
(Africa, Europe, Mideast, Central/South Asia, East Asia, Oceania,
and the Americas) suggested by previous studies [13]. The ln(iES)
values for non-African regions were then compared to that of
Africa:
lnRsbreg:AR~ln iES ðÞ reg{ln iES ðÞ reg:Afr
In the case of individual populations, the SNPs that carry the
highest 1% lnRsbAR values in each population were used to define
candidate regions if there were 25 or more such top SNPs (tSNPs)
within 100 kb of each other. For the analysis of the six non-African
continental regions, since there are many fewer groups in the
analysis, the minimum number of tSNPs required for a candidate
regionwasrelaxed to 10, while theotherconditions were thesameas
fortheindividualpopulationtests.ThetSNPswererankedacrossthe
genomeineachpopulationandthemeanrankofthetop 20%tSNPs
in each candidate region is used as the relative signal strength of that
candidate region. Candidate regions were ordered according to this
score and the top 25 candidate regions were determined for each
population, and the top 100 candidate regions were determined for
each regional grouping of populations.
To evaluate the power of this approach to detect recent positive
selection with the relatively small sample sizes (10 chromosomes
per individual population) in this study, simulations were carried
out. Forward simulations were carried out with the program
FREEGENE (http://www.ebi.ac.uk/projects/BARGEN/download/
FREGEN/, [57]) assuming three populations and demographic
parameterspreviouslyinferredfor Africans,Europeans, andChinese
[5]. We simulated 2 Mb regions, with SNP ascertainment as
described previously [9]; an allele with a given selection coefficient
was added to the Chinese population at a random position in the
regionandat a random time betweenthepresent and the divergence
of the Chinese from the other populations. The lnRsb statistic was
calculated for the SNPs within the central 1 Mb in each region, to
allow sufficient decay of the EHH. Under neutrality, the top 1%
SNPsarecalledtSNPs,andthesignificantcutoffvaluefortheratioof
tSNPs in each region was determined, given a type I error rate of
0.5%. The same cutoff and tSNP criteria were then applied to the
selection scenarios to evaluatethepower todetectselection. For each
neutral scenario 1000 simulations were carried out, while for each
selection scenario 200 simulations were carried out.
Gene Ontogeny Analysis
For the gene ontogeny (GO) analysis we used the FUNC
program [31]. This method utilizes hypergeometric tests to
determine the GO terms for which there are significantly more
genes overlapping with the candidate regions of selection than
expected under the null hypothesis of no association. We used the
web version of the FUNC program (http://func.eva.mpg.de/doc/
func.html) and carried out 5000 iterations to achieve stable results.
Supporting Information
Figure S1 Comparison of PCA for the same 250 individuals
genotypedonthe Affymetrix vs. Illumina platforms. (A)Plots ofPC1
vs. PC2. (B) The percent variation explained and the p-value of the
TW statistic for the first 40 PCs. (C) Values of the first 40 PCs.
Found at: doi:10.1371/journal.pone.0007888.s001 (0.35 MB TIF)
Figure S2 Effect of the number of preceding SNPs (Nreg) used
to predict SNP genotypes in the regression analysis on the percent
variation explained by the first 10 PCs. Also shown is the effect of
pruning SNPs that are in high LD.
Found at: doi:10.1371/journal.pone.0007888.s002 (0.12 MB TIF)
Figure S3 Analysis of additional PCs for the worldwide
populations. (A) Amount of variation explained and associated
statistical significance for the first 45 PCs. (B) Heat plot of the
values of the first 45 PCs. The PC values have been normalized to
range from 0 to 1.
Found at: doi:10.1371/journal.pone.0007888.s003 (0.44 MB TIF)
Figure S4 Regional analysis of the Europe, North Africa,
Middle East, and Central/South Asia groups. (A) Plot of PC1
vs. PC2. (B) frappe results for K=5.
Found at: doi:10.1371/journal.pone.0007888.s004 (0.19 MB TIF)
Figure S5 Regional analysis of the Europe, Middle East,
Central/South Asia, and East Asia groups. (A) Plot of PC1 vs.
PC2. (B) frappe results for K=4.
Found at: doi:10.1371/journal.pone.0007888.s005 (0.24 MB TIF)
Figure S6 Regional analysis of the East Asian groups. (A) Plot of
PC1 vs. PC2. (B) frappe results for K=2.
Found at: doi:10.1371/journal.pone.0007888.s006 (0.17 MB TIF)
Figure S7 Regional analysis of the sub-Saharan African groups.
(A) Plot of PC1 vs. PC2. (B) frappe results for K=4.
Found at: doi:10.1371/journal.pone.0007888.s007 (0.12 MB TIF)
Figure S8 Regional analysis of the groups from the Americas.
(A) Plot of PC1 vs. PC2. (B) frappe results for K=5.
Found at: doi:10.1371/journal.pone.0007888.s008 (0.12 MB TIF)
Figure S9 Effect of sample size on the power of the lnRsb
analysis to detect a positively-selected allele. For each sample size
(n=number of chromosomes), the fraction of simulations (y-axis)
in which a selected allele of a given selection coefficient (x-axis) was
detected as a candidate region of selection, according to the
criteria described in the Methods section, is plotted.
Found at: doi:10.1371/journal.pone.0007888.s009 (0.06 MB TIF)
Figure S10 Effect of different parameter values on genotype calls
obtained withthe CHIAMOalgorithm. Shown are the mean values
(in percent) for heterozygous and homozygous mismatches between
the Affymetrix and Illumina platforms, no calls for either or both
platforms, and the sum of all mismatches and no calls. These values
are given for the BRLMM algorithm for all chromosomes, and for
two different parameter sets and various threshold values for the
CHIAMO algorithm, for either just chromosome 22 or for all
chromosomes. The threshold value is the maximum value for the
total fraction of missing genotypes allowed; CHIAMO Par 1 is the
WTCCC parameter set (-max1 -max2 -nmax 200 -n 0 -b 0 -f
freqfile) and Par 2 is identical to Par 1 except without the -f option.
Found at: doi:10.1371/journal.pone.0007888.s010 (0.09 MB TIF)
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PLoS ONE | www.plosone.org 14 November 2009 | Volume 4 | Issue 11 | e7888Table S1 List of the 255 HGDP-CEPH individuals genotyped in
this study, including ID, population, location, region, population
code, gender, heterozygosity for the Affymetrix SNPs, and
heterozygosity for the Illumina SNPs.
Found at: doi:10.1371/journal.pone.0007888.s011 (0.15 MB
XLS)
Table S2 List of the candidate regions for recent positive
selection identified in the population-level analyses, including the
chromosome, start and end positions, HGNC gene ID, and
populations (and signal rank) for which a positive signal was
obtained.
Found at: doi:10.1371/journal.pone.0007888.s012 (0.10 MB
XLS)
Table S3 List of the candidate regions for recent positive
selection identified in the regional-level analyses, including the
chromosome, start and end positions, HGNC gene ID, and
regions (and signal rank) for which a positive signal was obtained.
Found at: doi:10.1371/journal.pone.0007888.s013 (0.07 MB
XLS)
Acknowledgments
We thank Guido Valverde for technical assistance, Roger Mundry for
statistical advice, and the Max Planck Institute for Mathematics in the
Natural Sciences for providing computational facilities.
Author Contributions
Conceived and designed the experiments: MS. Performed the experiments:
DLH IP MRN. Analyzed the data: DLH MB KT. Contributed reagents/
materials/analysis tools: CT JL AG MS. Wrote the paper: DLH MB KT
MS.
References
1. McCarthy MI, Abecasis GR, Cardon LR, Goldstein DB, Little J, et al. (2008)
Genome-wide association studies for complex traits: consensus, uncertainty and
challenges. Nat Rev Genet 9: 356–369.
2. The Wellcome Trust Case Control Consortium (2007) Genome-wide association
study of 14,000 cases of seven common diseases and 3,000 shared controls.
Nature 447: 661–678.
3. The International HapMap Consortium (2005) A haplotype map of the human
genome. Nature 437: 1299–1320.
4. The International HapMap Consortium (2007) A second generation human
haplotype map of over 3.1 million SNPs. Nature 449: 851–861.
5. Schaffner SF, Foo C, Gabriel S, Reich D, Daly MJ, et al. (2005) Calibrating a
coalescent simulation of human genome sequence variation. Genome Res 15:
1576–1583.
6. Hawks J, Wang ET, Cochran GM, Harpending HC, Moyzis RK (2007) Recent
acceleration of human adaptive evolution. Proc Natl Acad Sci U S A 104:
20753–20758.
7. Nielsen R, Williamson S, Kim Y, Hubisz MJ, Clark AG, et al. (2005) Genomic
scans for selective sweeps using SNP data. Genome Res 15: 1566–1575.
8. Sabeti PC, Varilly P, Fry B, Lohmueller J, Hostetter E, et al. (2007) Genome-
wide detection and characterization of positive selection in human populations.
Nature 449: 913–918.
9. Tang K, Thornton KR, Stoneking M (2007) A new approach for using genome
scans to detect recent positive selection in the human genome. PLoS Biol 5:
e171.
10. Voight BF, Kudaravalli S, Wen X, Pritchard JK (2006) A map of recent positive
selection in the human genome. PLoS Biol 4: e72.
11. Auton A, Bryc K, Boyko AR, Lohmueller KE, Novembre J, et al. (2009) Global
distribution of genomic diversity underscores rich complex history of continental
human populations. Genome Res 19: 795–803.
12. Jakobsson M, Scholz SW, Scheet P, Gibbs JR, VanLiere JM, et al. (2008)
Genotype, haplotype and copy-number variation in worldwide human
populations. Nature 451: 998–1003.
13. Li JZ, Absher DM, Tang H, Southwick AM, Casto AM, et al. (2008) Worldwide
Human Relationships Inferred from Genome-Wide Patterns of Variation.
Science 319: 1100–1104.
14. Xing J, Watkins WS, Witherspoon DJ, Zhang Y, Guthery SL, et al. (2009) Fine-
scaled human genetic structure revealed by SNP microarrays. Genome Res 19:
815–825.
15. Lao O, Lu TT, Nothnagel M, Junge O, Freitag-Wolf S, et al. (2008) Correlation
between genetic and geographic structure in Europe. Curr Biol 18: 1241–1248.
16. McEvoy BP, Montgomery GW, McRae AF, Ripatti S, Perola M, et al. (2009)
Geographical structure and differential natural selection among North European
populations. Genome Res 19: 804–814.
17. Novembre J, Johnson T, Bryc K, Kutalik Z, Boyko AR, et al. (2008) Genes
mirror geography within Europe. Nature 456: 98–101.
18. Kimura R, Ohashi J, Matsumura Y, Nakazawa M, Inaoka T, et al. (2008) Gene
flow and natural selection in oceanic human populations inferred from genome-
wide SNP typing. Mol Biol Evol 25: 1750–1761.
19. Xu S, Jin L (2008) A Genome-wide Analysis of Admixture in Uyghurs and a
High-Density Admixture Map for Disease-Gene Discovery. The American
Journal of Human Genetics 83: 322–336.
20. Cann HM, de Toma C, Cazes L, Legrand MF, Morel V, et al. (2002) A human
genome diversity cell line panel. Science 296: 261–262.
21. Rosenberg NA, Pritchard JK, Weber JL, Cann HM, Kidd KK, et al. (2002)
Genetic structure of human populations. Science 298: 2381–2385.
22. Tishkoff SA, Reed FA, Friedlaender FR, Ehret C, Ranciaro A, et al. (2009) The
genetic structure and history of Africans and African Americans. Science:
Published online 30 April 2009; 2010.1126/science.1172257.
23. Patterson N, Price AL, Reich D (2006) Population structure and eigenanalysis.
Plos Genetics 2: 2074–2093.
24. Tang H, Peng J, Wang P, Risch NJ (2005) Estimation of individual admixture:
analytical and study design considerations. Genetic Epidemiology 28: 289–301.
25. Zhang F, Su B, Zhang YP, Jin L (2007) Genetic studies of human diversity in
East Asia. Philos Trans R Soc Lond B Biol Sci 362: 987–995.
26. Greenberg J (1972) Linguistic evidence regarding Bantu origins. Journal of
African Languages and Linguistics 13: 189–216.
27. Excoffier L, Ray N (2008) Surfing during population expansions promotes
genetic revolutions and structuration. Trends Ecol Evol 23: 347–351.
28. Hofer T, Ray N, Wegmann D, Excoffier L (2009) Large allele frequency
differences between human continental groups are more likely to have occurred
by drift during range expansions than by selection. Ann Hum Genet 73: 95–108.
29. Beaumont MA, Balding DJ (2004) Identifying adaptive genetic divergence
among populations from genome scans. Mol Ecol 13: 969–980.
30. Pickrell JK, Coop G, Novembre J, Kudaravalli S, Li JZ, et al. (2009) Signals of
recent positive selection in a worldwide sample of human populations. Genome
Res 19: 826–837.
31. Prufer K, Muetzel B, Do HH, Weiss G, Khaitovich P, et al. (2007) FUNC: a
package for detecting significant associations between gene sets and ontological
annotations. BMC Bioinformatics 8: 41.
32. Williamson SH, Hubisz MJ, Clark AG, Payseur BA, Bustamante CD, et al.
(2007) Localizing recent adaptive evolution in the human genome. PLoS Genet
3: e90.
33. Dormitzer PR, Ellison PT, Bode HH (1989) Anomalously low endemic goiter
prevalence among Efe pygmies. Am J Phys Anthropol 78: 527–531.
34. Frisse L, Hudson RR, Bartoszewicz A, Wall JD, Donfack J, et al. (2001) Gene
conversion and different population histories may explain the contrast between
polymorphism and linkage disequilibrium levels. Am J Hum Genet 69: 831–843.
35. Biswas S, Scheinfeldt LB, Akey JM (2009) Genome-wide insights into the
patterns and determinants of fine-scale population structure in humans.
Am J Hum Genet 84: 641–650.
36. O’Connell J, Allen J (2004) Dating the colonization of Sahul (Pleistocene
Australia-New Guinea): a review of recent research. J Arch Sci 31: 835–853.
37. Fix AG (2002) Colonization models and initial genetic diversity in the Americas.
Hum Biol 74: 1–10.
38. Friedlaender JS, Friedlaender FR, Reed FA, Kidd KK, Kidd JR, et al. (2008)
The genetic structure of Pacific Islanders. PLoS Genet 4: e19.
39. Kayser M, Lao O, Saar K, Brauer S, Wang XY, et al. (2008) Genome-wide
analysis indicates more Asian than melanesian ancestry of polynesians.
American Journal of Human Genetics 82: 194–198.
40. Novembre J, Stephens M (2008) Interpreting principal component analyses of
spatial population genetic variation. Nat Genet 40: 646–649.
41. Pickrell JK, Coop G, Novembre J, Kudaravalli S, Li JZ, et al. (2009) Signals of
recent positive selection in a worldwide sample of human populations. Genome
Research;doi: 10.1101/gr.087577.108.
42. Nielsen R, Hellmann I, Hubisz M, Bustamante C, Clark AG (2007) Recent and
ongoing selection in the human genome. Nat Rev Genet 8: 857–868.
43. Swallow DM (2003) Genetics of lactase persistence and lactose intolerance.
Annu Rev Genet 37: 197–219.
44. Tishkoff SA, Reed FA, Ranciaro A, Voight BF, Babbitt CC, et al. (2007)
Convergent adaptation of human lactase persistence in Africa and Europe.
Nature Genetics 39: 31–40.
45. Hughes DA, Tang K, Strotmann R, Schoneberg T, Prenen J, et al. (2008)
Parallel selection on TRPV6 in human populations. PLoS ONE 3: e1686.
46. Annunen S, Korkko J, Czarny M, Warman ML, Brunner HG, et al. (1999)
Splicing mutations of 54-bp exons in the COL11A1 gene cause Marshall
syndrome, but other mutations cause overlapping Marshall/Stickler phenotypes.
Am J Hum Genet 65: 974–983.
47. Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P, et al. (1999) The p66shc
adaptor protein controls oxidative stress response and life span in mammals.
Nature 402: 309–313.
Human Variation and Selection
PLoS ONE | www.plosone.org 15 November 2009 | Volume 4 | Issue 11 | e788848. Ritsner M, Modai I, Ziv H, Amir S, Halperin T, et al. (2002) An association of
CAG repeats at the KCNN3 locus with symptom dimensions of schizophrenia.
Biol Psychiatry 51: 788–794.
49. Koronyo-Hamaoui M, Gak E, Stein D, Frisch A, Danziger Y, et al. (2004) CAG
repeat polymorphism within the KCNN3 gene is a significant contributor to
susceptibility to anorexia nervosa: a case-control study of female patients
and several ethnic groups in the Israeli Jewish population. Am J Med
Genet B Neuropsychiatr Genet 131B: 76–80.
50. Kuhar MJ, Adams S, Dominguez G, Jaworski J, Balkan B (2002) CART
peptides. Neuropeptides 36: 1–8.
51. Diamond JM (1991) Anthropology. Why are pygmies small? Nature 354:
111–112.
52. Perry GH, Dominy NJ (2009) Evolution of the human pygmy phenotype.
Trends Ecol Evol 24: 218–225.
53. Rose SR (1995) Isolated central hypothyroidism in short stature. Pediatr Res 38:
967–973.
54. Sultan M, Afzal M, Qureshi SM, Aziz S, Lutfullah M, et al. (2008) Etiology of
short stature in children. J Coll Physicians Surg Pak 18: 493–497.
55. Rosenberg NA (2006) Standardized subsets of the HGDP-CEPH Human
Genome Diversity Cell Line Panel, accounting for atypical and duplicated
samples and pairs of close relatives. Ann Hum Genet 70: 841–847.
56. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, et al. (2007)
PLINK: A Tool Set for Whole-Genome Association and Population-Based
Linkage Analyses. The American Journal of Human Genetics 81: 559–575.
57. Hoggart CJ, Chadeau-Hyam M, Clark TG, Lampariello R, Whittaker JC, et al.
(2007) Sequence-level population simulations over large genomic regions.
Genetics 177: 1725–1731.
Human Variation and Selection
PLoS ONE | www.plosone.org 16 November 2009 | Volume 4 | Issue 11 | e7888